To investigate the dynamic behaviors of nanoscale meniscus intervening between a solid surface and a probe tip of a scanning probe microscope in molecular scale, meniscus formation and rupture process were simulated by using molecular dynamics method. Lennard-Jones molecules were used to model both the lubricant film and the solid probe, and the techniques to analyze the normal force exerting between the film and the probe were introduced to identify the meniscus formation time and the meniscus elongation. We clarified that the meniscus formation time became longer for wider spacings between the film surface and the probe, and that the meniscus elongation became longer for larger probe retracting velocity.
INTRODUCTION
In the head-disk interface of magnetic disk drives, the disk surface is coated with a molecularly thin lubricant film having a thickness of 1-2 nm, nanoscale menisci are formed incurring an excessively large adhesion force when the head contacts with the disk. Recently, for achieving a higher recording density, head/disk spacing is reduced to 10 nm. This reduction increases the probability of head/disk contacts and of the meniscus formation. Since the adhesion force caused by the meniscus formation affects the stability of the head/disk relative motion, the dynamic behaviors of menisci becomes a significant concern.
In the present study, to investigate the dynamic behaviors of the meniscus intervening in a nanometer spacing between a solid surface and a probe tip of a scanning probe microscope in molecular scale, meniscus formation and rupture process were simulated by using molecular dynamics method. We introduced the techniques for analysis of the normal force exerting between the lubricant film and the probe to identify the meniscus formation time and the meniscus elongation, and clarified that the formation time became longer for wider spacings between the lubricant film surface and the probe, and that the elongation became longer for larger probe retracting velocities. 
METHODOLOGY
Monatomic molecules having intermolecular interaction are used as models for both liquid and solid molecules. The interaction between two molecules is generally expressed by Lennard-Jones potential as follows (1) where r indicates the distance between two molecules, ε 
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the model molecule are set to be equal to those of argon. The molecular interaction cutoff is set at σ 3 for saving computational time [1] . Figure 1 shows the calculation volume. Periodical boundary condition is applied along the lateral direction, reflective boundary is applied on the top of the volume, and a solid surface is placed at the bottom. A solid probe set under the reflective boundary is constructed by putting solid molecules on a simple cubic lattice, which represents a probe tip of a scanning probe microscope. The solid surface at the bottom of the volume is constructed by putting solid molecules on a face-centered cubic (fcc) lattice. Considering the interaction cutoff, the fcc surfaces are stacked up for 7 layers. The number of solid molecules in the fcc surface is 1694, and they are fixed at the latticed points for saving computational time. The lubricant film is composed of liquid molecules (the number of liquid molecules, Nliquid, is 484) and its temperature is maintained by using a Nose method at melting point of the liquid. The equations of motion are solved numerically with the RESPA algorithm [2] .
Calculation process was divided into two stages, formation and rupture of the meniscus. Two powerful techniques that analyze the normal force exerted from the lubricant film to the solid probe were introduced to identify the time required for forming a meniscus and the point where rupture initiates. The former was achieved by averaging the normal force over 3.2 ksteps (total calculation steps in this process are 288 ksteps) and then approximating it using the least square method, and the latter was achieved by averaging the normal force over , and then identifying its zero value.
RESULTS
Snapshots of meniscus formation are shown in Fig. 2 . Initially the lubricant film surface is located away from the probe at a spacing of h (see Fig. 2(a) ). It protuberates toward the probe (Fig. 2(b) ), and then a meniscus forms eventually (Fig. 2(c) ) as the protrusion grows. The time required to form the meniscus was calculated as a function of a spacing h (shown in Fig. 3 ). The line denotes the average of 5 independent calculations, and the error bar shows the maximum and minimum value. It was found that the meniscus formation time became longer and the deviation of the formation time became larger for wider spacings. Note that the meniscus formed when the probe-lubricant spacing was comparable to the interaction cutoff distance, which corresponds to the distance that the molecular interaction becomes zero. In the case of such larger spacings, liquid molecules jumped over the spacing to form the meniscus. In the rupture process, the probe was retracted at a constant velocity v. Figure 4 shows the snapshots of the meniscus elongation and rupture process. The meniscus elongates with probe retraction (Figs. 4(a) and (b) ) and ruptures finally (Fig. 4(c) ). Figure 5 shows the meniscus elongation, which was defined as the probe retracting distance before the meniscus ruptures, calculated as a function of the retracting velocity v. The line denotes the average of 5 independent calculations, and the error bar shows the maximum and minimum value. It was found that the elongation became longer as the retracting velocity increases.
